Abstract. Erythropoietin (EPO) is a cytokine that modulates the production of red blood cells. Previous studies have contradicted the assumed role of EPO in tumor cell proliferation. In the present study, we investigated the effect of EPO in the proliferation, migration and invasion that is involved in the signaling pathways and cell-cycle regulation of bladder cancer 5637 cells. The results showed that an overexpression of the EPO gene has a potent stimulatory effect on DNA synthesis, migration and invasion. EPO gene expression increased the expression of matrix metalloproteinase (MMP)-9 via the binding activity of NF-κB, AP-1 and Sp-1 in 5637 cells. The transfection of 5637 cells with the EPO gene induced the phosphorylation of ERK1/2. Treatment with ERK1/2 inhibitor U0126 significantly inhibited the increased proliferation, migration and invasion of EPO gene-transfected cells. U0126 treatment suppressed the induction of MMP-9 expression through NF-κB binding activity in EPO gene transfectants. In addition, EPO gene expression was correlated with the upregulation of cyclins/CDKs and the upregulation of the CDK inhibitor p21WAF1 expression. Finally, the inhibition of p21WAF1 function by siRNA blocked the proliferation, migration, invasion and phosphorylation of ERK1/2 signaling, as well as MMP-9 expression and activation of NF-κB in EPO gene-transfected cells. These novel findings suggest that the molecular mechanisms of EPO contribute to the progression and development of bladder tumors.
Introduction
In developed countries, bladder cancer is one of the most common forms of tumor that often lead to mortality in men (1) . The proliferation and metastasis of bladder cancer cells plays an essential role in the development and progression of bladder tumors (2) . The proliferation of bladder cancer cells has been definitively associated with the induction of multiple mitogen-activated protein kinases (MAPKs), including extracellular signal regulated kinase (ERK1/2), c-Jun NH2-terminal kinase (JNK), and p38 MAPK (p38) (3) . In addition, it is widely accepted that the progression of the cell cycle is critical for the development and progression of bladder tumor cells (4, 5) .
Tumor metastasis has been implicated in the migration and invasion of bladder cancer cells (2, 6, 7) . The expression of matrix metalloproteinase-9 (MMP-9) is known to be involved in the migration and invasion of bladder tumor cells (2, 6, 7) . Previous reports, based on in vitro and in vivo studies, have shown that MMP-9 is critical for the progression of bladder tumors via its regulation of both migration and invasion by bladder cancer cells (2, 6, 7) . Many studies have shown that MMP-9 expression is regulated primarily by transcription factors NF-κB, AP-1, and Sp-1 (7) (8) (9) (10) . Recent studies have shown that MAPKs are connected to the expression of MMP-9 in bladder cancer cells via the activation of NF-κB and AP-1 (7, 11) .
Human erythropoietin (EPO) plays a role in the control of red blood cell production (12, 13) . EPO stimulates the activation of JAK2/STAT5, MAPKs, phosphatidylinositol 3-kinase (PI3K), and Akt signaling through the binding of human erythropoietin receptor (EPOR) (14) . Several studies have shown that the exogenous treatment of EPO and the overexpression of EPOR stimulate proliferation, migration and invasiveness in various cell types (15) (16) (17) (18) (19) . On the other hand, other reports have not associated EPO with a proliferative effect on cancer cells (20) (21) (22) . Although many studies have investigated the role of EPO in cancer cells, the precise molecular mechanisms underlying the cell-cycle regulation and signaling pathways that are linked with cell proliferation, migration and invasion of cancer cells remain unclear.
Recently, we found an upregulated gene expression level of EPO in bladder tumor patients using microarray expression EPO gene expression induces the proliferation, migration and invasion of bladder cancer cells through the p21WAF1-mediated ERK1/2/NF-κB/MMP-9 pathway analysis (23) . The purpose of the present study was to determine the role and regulatory mechanisms of the EPO gene in bladder cancer cells. In this study, we identified a novel mechanism of cell-cycle inhibitor p21WAF1 for the induction of proliferation, migration and invasion in EPO gene expression in bladder cancer cells.
Materials and methods
Materials. Polyclonal antibodies to ERK, phospho-ERK, p38MAPK, phospho-p38MAPK, JNK, and phospho-JNK were obtained from Cell Signaling (Danvers, MA, USA). Polyclonal antibodies to cyclin E, CDK2, CDK4, cyclin D1, p53, p21WAF1, p27KIP1 and GAPDH were purchased from Santa Cruz (Santa Cruz, CA, USA). U0126 was obtained from Calbiochem (San Diego, CA, USA). Polyclonal MMP-9 antibody was obtained from Chemicon (Temecula, CA, USA). Small interfering RNA (siRNA) oligonucleotides targeting p21WAF1 and scramble were designed and synthesized by Dharmacon (Lafayette, CO, USA). pcDNA3-EPO plasmid containing human wild-type full-length EPO was generously provided by Dr Taiho Kambe (Kyoto University, Japan).
Cell cultures.
A human bladder carcinoma cell line (5637) was obtained from the American Type Culture Collection. The cells were maintained in DMEM (4.5 g glucose/liter) and were supplemented with 10% fetal calf serum, L-glutamine, and antibiotics (Biological Industries, Beit Haemek, Israel) at 37˚C in a 5% CO 2 humidified incubator.
Cell transfection. 5637 cells were transfected with pcDNA3-EPO (EPO) or pcDNA3 (no insert, Ev) in 100-mm dishes using the Superfect reagent (Qiagen, valencia, CA, USA) according to the manufacturer's protocol. After 24 h, cells were split at a 1:5 dilution and exposed for 2-3 weeks in G418 (Boehringer Mannheim, Indianapolis, IN, USA)-containing medium (800 µg/ml), and the resultant colonies were selected based on their resistance to G418. The expression of EPO was confirmed by immunoblot analysis using a monoclonal antibody against EPO (R&D Systems). 3 H]thymidine was extracted in 0.2 M NaOH and measured using a liquid scintillation counter as previously described (24) .
Immunoblotting. The cells were incubated with 10% FBS for various durations at 37˚C. The cells were then washed twice with cold PBS and freeze-thawed in 250 µl lysis buffer [containing, in mmol/l, HEPES (pH 7.5) 50, NaCl 150, EDTA 1, EGTA 2.5, DTT 1, β-glycerophosphate 10, NaF 1, Na 3 vO 4 0.1, and phenylmethylsulfonyl fluoride 0.1 and 10% glycerol, 0.1% Tween-20, 10 µg/ml of leupeptin, and 2 µg/ml of aprotinin], and then scraped into 1.5-ml tubes. The lysates were placed on ice for 15 min and then centrifuged at 12,000 rpm for 20 min at 4˚C. The protein concentration of the supernatant was determined using the Bradford reagent method (Bio-Rad). Equal amounts of cellular proteins were resolved by electrophoresis on a 0.1% SDS-10% polyacrylamide gel (SDS-PAGE) under denaturing conditions. The proteins were transferred electrophoretically to nitrocellulose membranes (Hybond; Amersham Corp). After blocking in 10 mmol/l Tris-HCl (pH 8.0), 150 mmol/l NaCl, and 5% (wt/vol) nonfat dry milk, the membranes were treated with primary antibodies for 90 min, followed by incubation with peroxidase-conjugated secondary antibodies for 45 min. The immune complexes were detected using a chemiluminescence reagent kit (Amersham Corp.). For the immunoblotting studies, the experiments were repeated at least 3 times.
Immunoprecipitation and immune complex kinase assays.
Cell lysates were prepared with ice-cold lysis buffer [containing, in mM/l, HEPES (pH 7.5) 50, NaCl 150, EDTA 1, EGTA 2.5, DTT 1, β-glycerophosphate 10, NaF 1, Na 3 vO 4 0.1, and phenylmethylsulfonyl fluoride 0.1 and 10% glycerol, 0.1% Tween-20, 10 µg/ml of leupeptin, and 2 µg/ml of aprotinin] and sonicated at 4˚C [Micro ultrasonic cell disruptor (Kontes), 30% power, twice for 10 sec each time]. Lysates were clarified by centrifugation at 10,000 x g for 5 min, and the supernatants were precipitated by treatment with protein A-Sepharose beads precoated with saturating amounts of the indicated antibodies at 4˚C for 2 h. When monoclonal antibodies were used, protein A-Sepharose was pretreated with rabbit anti-mouse immunoglobulin G (Jackson Immuno Research Laboratories). The immunoprecipitated proteins on the beads were washed 4 times with 1 ml of lysis buffer and twice with a kinase buffer (containing, in mM/l, HEPES 50, MgCl 2 10, DTT 1, β-glycerophosphate 10, NaF 1, and sodium orthovanadate 0.1). The final pellet was resuspended in 25 µl of kinase buffer containing either 1 µg of glutathione S-transferase (GST)-pRb C-terminal (pRb amino acids 769 to 921) fusion protein (Santa Cruz Biotechnology) or 5 µg of histone H1 (Life Technologies, Inc.), 20 µM/l ATP, and 5 µCi of [γ 32 P]ATP (4,500 µCi/mmol; ICN), and were then incubated for 20 min at 30˚C with occasional mixing. The reaction was terminated by the addition of 25 µl of 2X concentrated Laemmli sample buffer and separated on either 10 or 12.5% SDS-polyacrylamide gels. The migration of histone H1 or GST-pRb was determined by Coomassie blue staining. Phosphorylated pRb and histone H1 were visualized.
Wound-healing migration assay. Cells were plated on 6-well dishes and grown to 90% confluency in 2 ml of growth medium. The cells were damaged using a 2-mm-wide tip. They were allowed to migrate, and images were captured through an inverted microscope (magnification, x40). Zymography. Conditioned medium was electrophoresed in a polyacrylamide gel containing 1 mg/ml gelatin. The gel was then washed at room temperature for 2 h with 2.5% Triton X-100 and subsequently incubated at 37˚C overnight in a buffer containing 10 mM CaCl 2 , 150 mM NaCl, and 50 mM Tris-HCl, pH 7.5. The gel was stained with 0.2% Coomassie blue and photographed on a light box. Proteolysis was detected as a white zone in a dark blue field (7, 9, 24) .
Nuclear extracts and electrophoretic mobility shift assay (EMSA)
. Cultured cells were collected by centrifugation, washed and suspended in a buffer containing 10 mM Hepes (pH 7.9), 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM DTT, and 0.5 mM PMSF. After 15 min on ice, the cells were vortexed in the presence of 0.5% Nonidet NP-40. The nuclear pellet was then collected by centrifugation and extracted in a buffer containing 20 mM Hepes pH 7.9, 0.4 M NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, and 1 mM PMSF for 15 min at 4˚C.
The nuclear extract (10-20 µg) was preincubated at 4˚C for 30 min with a 100-fold excess of an unlabeled oligonucleotide spanning the -79 MMP-9 cis element of interest. The sequences were: AP-1, CTGACCCCTGAGTCAGCACTT; NF-κB, CAGTGGAATTCCCCAGCC; and Sp-1, GCCCATT CCTTCCGCCCCCAGATGAAGCAG. The reaction mixture was then incubated at 4˚C for 20 min in a buffer (25 mM HEPES buffer pH 7.9, 0.5 mM EDTA, 0.5 mM DTT, 0.05 M NaCl, and 2.5% glycerol) with 2 µg of poly dI/dC and 5 fmol (2x10 4 cpm) of a Klenow end-labeled ( 32 P-ATP) 30-mer oligonucleotide, which spanned the DNA binding site in the MMP-9 promoter. The reaction mixture was electrophoresed at 4˚C in a 6% polyacrylamide gel using a TBE (89 mM Tris, 89 mM boric acid and 1 mM EDTA) running buffer. The gel was rinsed with water, dried and exposed to X-ray film overnight (7, 9, 24) .
Statistical analysis.
Where appropriate, data are expressed as the mean ± SE. Data were analyzed by factorial ANOvA and a Fisher's least significant difference test where appropriate. Statistical significance was set at P<0.05.
Results

EPO gene overexpression induces DNA synthesis, migration and invasion of bladder cancer 5637 cells.
To investigate the role of EPO in the proliferation, migration and invasion of cancer cells, bladder cancer 5637 cells were transfected with an EPO cDNA (EPO) or an identical empty vector lacking a cDNA insert as a control (Ev). Stable cell clones (EPO) were isolated, and parental cells (UN) were used as an additional control. validation of the EPO gene was evaluated by immunoblotting (Fig. 1A) . Cells expressing EPO showed an 
2.1-fold increase in [
3 H] thymidine incorporation, compared to UN and Ev transfectants (Fig. 1B) . We then investigated the effect of the EPO gene on the migratory and invasive capacity of bladder cancer 5637 cells using a wound-healing migration and invasion assay system. Compared with UN and Ev transfectants, EPO gene transfectants significantly increased the migratory and invasive potential of cells (Fig. 1C and D) .
EPO gene transfectants stimulate MMP-9 expression via the activation of transcription factor NF-κB, Sp-1 and AP-1.
Gelatinolytic zymography assay was employed to study the systemic mechanism of the migration and invasion of 5637 cells expressing EPO. Compared with that of the UN, the conditioned media from the EPO gene transfectant cells induced the upregulation of MMP-9 gelatinolytic activity (Fig. 1E) . In addition, Ev transfectants had no effect on MMP-9 activity (Fig. 1E) . Similar results were detected in immunoblot analysis (Fig. 1E) . To determine whether the stimulatory effect of the EPO gene on MMP-9 expression was mediated through three types of motifs, NF-κB, Sp-1, and AP-1 activation, EMSA was next performed with the nuclear extracts of UN, Ev transfectant and EPO gene transfectant cells. Nuclear extracts from EPO gene transfectants showed increased binding activities of the NF-κB, Sp-1 and AP-1 motifs (Fig. 1F) . However, neither the Ev transfectants nor that of the UN had any effect on NF-κB, Sp-1 or AP-1 binding activities (Fig. 1F) .
EPO gene transfectants stimulate the phosphorylation of ERK1/2 in 5637 cells.
To assess the effect of the signaling pathways involved in the proliferation of EPO gene transfectants, ERK1/2, p38MAPK and JNK phosphorylations were analyzed. As shown in Fig. 2A , the overexpression of the EPO gene induced an increased phosphorylation of ERK1/2. In addition, pre-treatment with U0126 (ERK1/2-specific inhibitor) suppressed ERK1/2 phosphorylation in EPO gene transfectant cells (Fig. 2B) . However, EPO gene transfectants did not stimulate p38MAPK and JNK phosphorylation ( Fig. 2A) .
U0126 inhibits the potential for proliferation, migration, and invasion in EPO gene transfectants.
Since the overexpression of EPO stimulated ERK1/2 phosphorylation, we investigated the role of ERK1/2 in the EPO-stimulated proliferation, Binding activity of NF-κB, Sp-1 and AP-1 was examined by EMSA using radiolabeled oligonucleotide probes. The competition assay was performed by one picomole of unlabeled NF-κB. migration and invasion of 5637 cells. The increased cell proliferation after EPO gene transfection was strongly reversed in the presence of U0126 (Fig. 2C) . In addition, treatment with U0126 blocked the EPO-induced wound healing migration and invasion of 5637 cells ( Fig. 2D and E) . Moreover, the U0126 treatment reversed MMP-9 gelatinolytic activity in the conditioned media from EPO gene transfectant cells to the level of Ev transfectants (Fig. 2F) . Similar results were observed in immunoblot analysis (Fig. 2F) . To further verify the regulatory mechanism of MMP-9 expression, we next performed an EMSA experiment. As shown in Fig. 2G , the increased NF-κB binding activation in EPO gene transfectants was reversed to basal levels of Ev transfectants in the presence of U0126. By contrast, U0126 treatment had no significant effect on the binding activity of Sp-1 and AP-1 in EPO gene transfectants (Fig. 2G) .
EPO gene transfectants modulate G1 cell-cycle-associated proteins and induce p21WAF1 expression.
To verify that the observed growth stimulatory effects of EPO gene transfectants were involved in the increased expression of cell-cycle machinery, the levels of cell-cycle machinery molecules were investigated. The expression levels of the G1-associated factors, cyclin D1/CDK4 and cyclin E/CDK2, were upregulated in EPO gene transfectants by comparison with the Ev transfectants (Fig. 3A) . In addition, overexpression of the EPO gene resulted in a significant increase in the kinase activities of both CDK2-and CDK4-immunoprecipitates compared with the Ev transfectant cells (Fig. 3B ). Since the cell-cycle inhibitors are known to regulate the G1-to S-phase transition checkpoints, the expression levels of p21WAF1 and p27KIP1 were assessed in both EPO gene transfectants and Ev transfectants. Notably, the results showed that p21WAF1 levels were increased in EPO gene-transfected cells compared with Ev-transfected cells (Fig. 3C) . However, under similar experimental conditions, the expression of p27KIP1 was unaffected (Fig. 3C) . Moreover, the overexpression of the EPO gene had no effect on the induction of the tumor suppressor protein p53 (Fig. 3C) . We next examined the effects of the EPO gene on interactions between p21WAF1 and CDKs. Immunoprecipitation analysis revealed that the EPO gene transfectants exhibited a strong increase in the association of p21WAF1 and CDK2 compared with the Ev transfectants (Fig. 3D) . The binding of p21WAF1 and CDK4 was also increased in the EPO gene transfectants (Fig. 3D) .
siRNA-mediated knockdown of p21WAF1 restores the proliferation, migration, invasion, MMP-9 expression, ERK1/2 phosphorylation and binding activity of NF-κB in the EPO gene transfectants.
To determine the effect of inhibiting the p21WAF1 expression in EPO gene transfectants, we used either a p21WAF1-specific siRNA (si-p21) or a scrambled siRNA. The expression level of p21WAF1 was determined by immunoblot analysis (Figs. 4F and 5F ). As shown in Fig. 4A and B, EPO gene transfectants of si-p21 suppressed the increase in proliferation and ERK1/2 phosphorylation. EPO-induced wound-healing migration and invasive ability was also reversed in the presence of si-p21 transfection (Fig. 4C and D) . In addition, the upregulation of MMP-9 expression was abolished in EPO cells transfected with si-p21, as evidenced by gelatin zymography and immunoblot analysis (Fig. 4A) . Finally, NF-κB DNA binding activity was almost impeded by the transfection of si-p21 in EPO gene transfectants (Fig. 4E ). EPO gene transfectants had no significant effect on the proliferation, migration, invasion, MMP-9 expression, ERK1/2 phosphorylation and binding activity of NF-κB in the presence of scrambled siRNA transfection (Fig. 5A-E) .
Discussion
In a previous study, our gene expression profile data produced by cDNA microarray experimentation showed that the expression levels of the EPO gene were increased in patients with bladder tumors (23) . In the present study, we suggest a novel role for the EPO gene that is involved in the p21WAF1-mediated proliferation, migration and invasion of bladder cancer 5637 cells.
In the past few years, a number of studies on the modulation of cell proliferation and migration by EPO have been conducted (15) (16) (17) (18) (19) . Published evidence has indicated that EPO may be involved in the differentiation of erythroid progenitor cells in vitro (12) (13) (14) . However, previous studies have also shown that EPO did not stimulate the growth of tumor cell lines (20) (21) (22) . In the present study, transfection of the EPO gene into bladder cancer 5637 cells resulted in increased thymidine uptake at the basal level. In addition, overexpression of the EPO gene induced the migration and invasion of 5637 cells. Consistent with our present results, several studies have reported that exogenous EPO or EPO gene expression induced the proliferation, migration and invasion of cancer cell lines (15) (16) (17) (18) (19) . These results suggest that overexpression of the EPO gene is involved in the induction of the proliferation, migration and invasion of bladder cancer 5637 cells.
The elevated level of MMP-9 expression was strongly associated with the progression and migration of bladder cancer in animal and clinical studies (2,6,7) . In results from the present study, overexpression of the EPO gene stimulated an enhanced level of MMP-9 expression. Moreover, we analyzed the transcriptional regulation of MMP-9 in 5637 cells expressing the EPO gene, and found that it promoted MMP-9 expression via the increased binding activation of NF-κB, Sp-1 and AP-1 in 5637 cells. These results suggest that the EPO induced the expression of MMP-9 via the activation of NF-κB, Sp-1 and AP-1 in 5637 cells, which caused the destruction of ECM and influenced the migration and invasion of bladder cancer progression.
Since transfection of the EPO gene into 5637 cells resulted in increased thymidine uptake, we next investigated the MAPK signaling pathways, including ERK1/2, JNK, and p38 MAPK, in EPO gene transfectants. Many studies have suggested the stimulatory effects of EPO on ERK1/2 phosphorylation in several lines of cells (14, 18) . Consistent with the results of previous studies, in the present study EPO gene expression induced ERK1/2 phosphorylation without altering the phosphorylation of either JNK or p38MAPK. In addition, an inhibitor of the ERK1/2 signaling molecule U0126 inhibited the proliferation, migration and invasion of cells transfected by the EPO gene. Moreover, U0126 suppressed both the expression of MMP-9 and the activation of NF-κB in EPO gene transfectants. Our results demonstrated that ERK1/2 signaling is involved in the proliferation, migration and invasion of EPO gene-expressed 5637 cells. We also found that transcription factor NF-κB is important in the ERK1/2-mediated regulation of MMP-9 expression in 5637 bladder cancer cells expressing the EPO gene.
The G1-to S-phase cell-cycle progression is a key event in the progression and development of tumor cells (25, 26) . The G1-to S-phase transition is regulated by cyclin-dependent kinases(CDKs), including cyclin D1/CDK4 and cyclin E/CDK2, which are negatively controlled via the binding of CDK inhibitors (CKIs) such as p21WAF1 and p27KIP1 (25, 26) . Several studies have suggested the involvement of EPO in cell-cycle regulators during the differentiation of erythroid progenitor cells and the proliferation of hematopoietic cells (27, 28) . However, the molecular regulation of cell-cycle regulators coordinated with the proliferation, migration and invasion of tumor cells merits further investigation. Therefore, we examined the effect of the EPO gene on CDK and CKI levels responsible for the G1 to S transition. Results of the present study showed that overexpression of the EPO gene in 5637 cells significantly upregulated cyclin D1, cyclin E, CDK2 and CDK4, along with the stimulation of CDK4 and CDK2 kinase activity. Notably, our data also showed a significantly elevated level of p21WAF1, but not of p27KIP1 and p53. To further elucidate how p21WAF1 modulates cell proliferation, migration and invasion in EPO gene transfectants, we conducted a specific siRNA knockdown experiment using p21WAF1 (si-p21). Our data suggest the novel theory that p21WAF1 is indispensable for the proliferation, migration and invasion of 5637 cells in response to the EPO gene. Our results further enhanced these findings by demonstrating that p21WAF1 regulated ERK/1/2-coordinated MMP-9 expression via upregulated NF-κB binding in the EPO gene-induced proliferation, migration and invasion of bladder cancer 5637 cells.
Many studies have demonstrated that p21WAF1 is a negative regulator in the control of cell-cycle progression (25, 26) , but previous studies have suggested that it is a positive modulator in the proliferation and migration of several cell lines (7, 23, 25, 26) . Several studies now associate p21WAF1 with clinical evidence that shows involvement in bladder cancer stage, progression and prognosis (29, 30) . Although the significant role of cell-cycle regulation has been reported in the progression and development of tumors (29) (30) (31) , the molecular mechanism of p21WAF1 regarding EPO expression in tumor progression remains to be fully explored. Results from the present study propose the novel conclusion that p21WAF1 may provide an important role in the proliferation, migration and invasion of bladder cancer cells that is induced by the EPO gene.
Taken together, the evidence suggests that the EPO gene induces the proliferation, G1-to S-phase cell-cycle progression, migration and invasion of bladder cancer 5637 cells. In addition, the results of the present study demonstrate the novel concept that the well-known cell-cycle inhibitor p21WAF1 is required for cell proliferation, migration and invasion through ERK1/2-mediated MMP-9 expression by stimulating NF-κB binding activity in bladder cancer cells that express the EPO gene. In conclusion, results of the present study indicate that bladder cancer cells induced by the EPO gene are associated with proliferation, migration and invasion that contribute to the progression of bladder tumor, making it an effective target candidate of potential therapies for the prevention and treatment of malignant cells.
